Abstract: Here, we explore the evolution of the coastal stretch between Mira Beach and Quiaios Beach in Portugal to understand how it adapted to climatic oscillations. To accomplish this, we integrate subsurface radar images, and sedimentological and chronological data, of the emerged coastal barrier. Our results show the installation and progradation of a stable barrier anchored to transgressive dunes 400 years ago. This is just the last pulse of barrier growth within a complex approximately 5000 year-long history of shoreline stability/instability. Episodes of inland dune mobility have been related to instabilities in the beach sediment budget driven by enhanced storminess and wave rotation around 4.25 and 1.14 ka ago. Conversely, lagoonal deposits documented in the literature suggest periods of relative barrier stability and growth around 4.3 and 2.7 cal ka BP. Wave and wind climate variability are driven by shifts in one of the major modes of atmospheric circulation in the North Atlantic, the North Atlantic Oscillation (NAO). Episodes of persistent positive mode of the NAO related to barrier growth and enhanced longshore sediment transport; those of persistent negative mode contributed to instabilities in the beach sediment budget and aeolian activity by enhancing storminess, but reduced effective longshore sediment transport.
This paper explores the effects of sea level, climatic variability and possible human interferences on the evolution of a large coastal barrier system located in the central coast of Portugal. This has been achieved by establishing present coastal morphology and sediment characterization, the internal structure of the deposits with ground penetrating radar (GPR) and sediment cores, and age determination of deposits by optically stimulated luminescence (OSL).
Coastal barriers are depositional elements that comprise approximately 15% of the world's coastlines (FitzGerald et al. 2008) . Their formation coincides with the worldwide sea-level stabilization reached in the mid-Holocene. This stabilization, coupled with an abundant sand supply from the recently inundated continental shelf, provided a window of opportunity for barrier growth. Hypotheses concerning the formation of barrier islands have been proposed for more than 150 years. They are supposed to initiate as offshore bar accretion (Beaumont 1845) , or spit progradation (Gilbert 1890) , or submergence or mainland detachment of coastal ridges (Hoyt 1967) . More recently, numerical models have been proposed to explain barrier evolution in response to sea-level changes (Cowell et al. 1995; Stolper et al. 2005; Masetti et al. 2008) . These models attempt to show the processes involved in the landwards migration of barriers during the Holocene transgression in order to evaluate how the barriers will respond to future changes in sea level and climate.
The presence of back-barrier deposits outcropping seawards from the islands has been interpreted as evidence of the landwards translation in the recent geological past (Evans et al. 1985; Brooks et al. 2003) . These deposits have also been interpreted as evidence of in-place drowning of barrier islands during their landwards retreat and suggested discontinuous or stepwise barrier retreat (Rampino & Sanders 1981) . Modelling different scenarios of sea-level rise during the past 8000 years indicate that the rate of overwash and lagoonal deposition are critical for the survival of the barrier islands under past sea-level oscillations (Masetti et al. 2008) . Model simulations show that barrier island translation was not uniform, but occurred sporadically as a function of bottom topography (lagoon depth and slope) and sediment availability (Masetti et al. 2008) . In this scenario, prehistoric barriers might have been present during periods of lower sea level, but they formed and disappeared without significant onshore migration and re-establishment.
Along the Portuguese coast, there is little evidence of landwards translation of coastal barriers during the last marine transgression, with the exception of the reconstruction made by Teixeira et al. (2005) for the last 9000 years in the southern coast. Conversely, there are numerous references concerning well-documented archives of estuarine infilling and lagoon onset since the Late Glacial (Cearreta et al. 2003) . These examples establish marine inundation of estuaries as early as 10 ka BP. However, in most cases, barrier formation was apparently initiated only approximately 5.5 ka BP, as inferred by the shift from open to barrierrestricted estuaries (Naughton et al. 2007) or lagoons (Cearreta et al. 2003) . Examination of the sedimentary record within lagoons documents their progressive infilling under low-energy, restricted conditions, with episodes of increased marine influence due to barrier breaching (Bao et al. 1999; Cearreta et al. 2003) . Coastal lagoons with infilling histories extending from the mid-Holocene to the Present are found associated with welded barriers enclosing drowned valleys along the central and southern sectors of the western Portuguese coast (Cearreta et al. 2003; Cabral et al. 2006) .
Alternatively, evidence of ephemeral lagoons and landwards shoreline translation during the mid-late Holocene have been reported along the north-central coast of Portugal (Granja et al. , 2008 (Granja et al. , 2010 Granja 1999 Granja , 2000 Bernardes & Rocha 2007; Danielsen et al. 2012) . These results suggest a scenario of barrier evolution for highenergy and linear coasts characterized by landwards shoreline translation since the mid Holocene, when sea level reached its present position (Vis et al. 2010a; Leorri et al. 2013) . To further investigate the recent evolution of these environments and understand the major drivers behind it, we examine the coastal segment between Mira Beach and Mondego Cape. At present, a sandy barrier extends from Espinho to Mondego Cape enclosing the Aveiro lagoon (Fig. 1a) . Most of this coastal segment, namely the sector between Espinho and Mira Beach, experiences severe erosion and shoreline retreat, resulting in lagoonal sediments (radiocarbon dated at c. 2 cal ka BP) cropping out along the beach face Bernardes & Rocha 2007) . Downdrift, the coastal section between Mira Beach and Mondego Cape consists of a coastal barrier attached to a transgressive dunefield without a clear indication of shoreline retreat (Fig. 1b) . Previous work found evidence for the existence of a 1 km-wide lagoon between Quiaios Beach and Tocha Beach (Fig. 1b) around 4.1 cal ka BP (Danielsen et al. 2012) . The authors suggested that the lagoon was fully infilled by aeolian sand some time between 3.5 and 1.5 ka BP following human deforestation in the region. However, the drivers, age and the source of this sand which promoted lagoon infilling and the development of the present barrier still remains not fully resolved. Here, we explore the subsurface architecture of the transgressive dunes and attached barrier system to understand the recent evolution of this region, framed in a high-energy transgressive coast. The results from this work contribute to our understanding of the major stabilization -destabilization pulses that apparently controlled the recent evolution of the Portuguese coast, as well as the nature of their driving forces.
Regional settings
The study area is located along the central coast of Portugal and consists of a 27 km-long sandy highenergy coast, extending between Mira Beach and Cape Mondego (Fig. 1a, b) . The coast is mesotidal, reaching 4 m of tidal range during spring tides. This shore segment is part of a linear sandy coast that extends from Espinho to Mondego, enclosing the coastal lagoon of Aveiro (Fig. 1a) . The coastline is oriented NNE-SSW and consists of a beach-foredune system exposed to high-energy waves generated in the North Atlantic, with a mean annual significant wave height of 2-3 m and a significant wave period of 10 -12 s (Costa 1994) . The dominant wave direction is from the northerly quadrant, although southwesterlies prevail during winter storms. Extreme storm wave conditions for the period between 1979 and 1992 had a mean annual significant wave height of 7.3 m, and wave heights of 9.5 m reach the coast with a return period of 10 years (Carvalho & Capitão 1996) . This wave regime produces a net southerly longshore transport of sediment, with the average rate ranging between 1 × 10 6 and 2 × 10 6 m 3 a 21 (Barata et al. 1996) . The windfield regime in the region of Aveiro is dominated by north and northwesterly winds. However, during winter this pattern becomes more variable, with an increasing importance of south and southeasterlies (Serviço Meteorológico Nacional 1974) .
It is widely accepted that the sediment source to the coast under natural conditions was essentially fluvial and has significantly reduced since the early twentieth century as a result of human interventions, such as the construction of dams and coastal armouring (Oliveira et al. 1982; Andrade et al. 2002) . As the natural sand supply diminished, coastal systems developed an erosional trend that has been increasing in intensity and extent since that time (EUROSION 2003) . Although the effect of coastal armouring is clearly detected in some segments of the coast, particularly downdrift of the Aveiro inlet jetty, the effect of dam construction is not clear and the sources of sediment to the coast remains an open question. Granja (2000) , for example, found that the nature of the sediments trapped by the recently built dams does not correspond to that of the beaches, suggesting that sedimentary deposits or rocky outcrops along the adjacent shelf could be major sources.
The coastal segment between Espinho and Mondego is characterized by a wide inner shelf accounting for the accommodation of large volumes of Plio-Pleistocene and Holocene sediments. Transgressive coastal dunes deposited approximately 30 ka BP to the south of Espinho constitute the anchoring point of a barrier spit that extends to Mira Beach confining the Aveiro estuary. South of Mira Beach, the barrier attaches to a transgressive dunefield that extends inland from the coast for 7 km (Fig. 1b) . The variable wind regime and sand supply have produced a complex dunefield. The most common and best-defined aeolian features are elongated ridges around 1 km long, with a spacing of 200 m. These features were interpreted by Almeida (2012) as oblique dunes resulting from the combined effect of winds blowing from diverse and almost opposite directions. By contrast, other studies have classified the dunefield as dominated by transverse dunes (Noivo 1996) or elongated hairpin and complex parabolic forms with occasional crescentic shapes (Clarke & Rendell 2006) produced by the dominant northwesterlies. Pulses of aeolian activity within the transgressive dunefield were synchronous with climatic degradation during the Younger Dryas (Danielsen et al. 2012) , and between 9.7 and 8.2 ka (Clarke & Rendell 2006) . Parabolic dunes found in the region between the foredune and the elongated features have yielded ages (OSL age determinations made in 1995) between 1145 and 620 years (Granja 1996) . The last major pulse of aeolian activity in the region was related to the mobilization of the elongated dunes during the Little Ice Age between AD 1770 and AD 1905 (Clarke & Rendell 2006) .
Evidence from lagoonal deposits suggests the existence of former coastal barriers. Lagoonal deposits were found and radiocarbon dated in Silvalde-Paramos and Furadouro-Torreira as 4920 + 105 ka BP (Granja 1999) , 2310 + 90 ka BP and 1997 cal a BP (Bernardes & Rocha 2007) (Fig. 1a) . These lagoonal deposits crop out in the present foreshore and imply a former shoreline seawards of the present by at least 2 cal ka BP (Granja 2002; Bernardes & Rocha 2007 ). In addition, Danielsen et al. (2012) found evidence of lagoonal deposits dated at about 4.3 cal ka BP in the southernmost part of the coastal segment. It apparently was filled with aeolian sediments some time between 3.5 and 1.5 cal ka BP.
Analyses of the recent evolution of the Aveiro Lagoon based on old maps document an open estuary during the tenth century (Girão 1941; Abecasis 1954) . This was progressively enclosed by the growth of a barrier spit extending from Ovar to Mira Beach (Fig. 2) and coincident with the southwards migration of an inlet between AD 1200 and AD 1756 (Abecasis 1954) . Alternatively, OSL ages from beach sediments to the south of Torreira and to the north of Tocha Beach yielded ages around AD 850 and AD 450, respectively (Granja 2000) , suggesting barrier sediments older than indicated on historical maps. Finally, an inlet was artificially opened and fixed at its present position in 1808. The jettied inlet is an obstacle to the longshore sediment transport and sediment bypass causing severe downdrift erosion. Analyses of recent shoreline changes between Aveiro inlet and Mondego Cape document a significant shoreline retreat downdrift of the inlet, and the seawards advance of the coastal segment between Mira Beach and Mondego Cape (Menezes 2011) .
Methods

Present-day coastal system
Topographical surveys using a RTK-GPS (Real Time Kinematics-Global Positioning System) were carried out to characterize the morphology of the present beach, and its contact with the adjacent foredune along two beach profiles between Mira Beach and Quiaios Beach. Positioning data were collected using the projected coordinate reference system ETRS89/Portugal TM06 and elevations referenced to mean sea-level (MSL); Cascais vertical datum. During the surveys, the elevation marks left by maximum water levels in the beach were recorded as indicators of maximum wave run-up and, thus, as indicators of the transition between the beach and the adjacent foredune. Surface sediment samples were collected along the beach profile.
Subsurface images and sediments
The spatial delineation between the coastal barrier system and the adjacent trangressive dunefield was determined with a Ground Penetrating Radar (GPR) system. Images of the subsurface were acquired using an Ingegneria Dei Sistemi-Ground Penetrating Radar (IDS-GPR) system RIS MF HiMod #1 equipped with a dual-frequency antenna (200 and 600 MHz). GPR transects were run to resolve sedimentary facies within the beach profile and the transition area towards the adjacent foredune (Bristow & Pucillo 2006) . In addition, GPR was used to reconstruct the prograding coasts by mapping subsurface scarps and accretionary units, which in turn represent the morphological response of past erosional events and subsequent depositional phases, respectively (Buynevich et al. 2007) . A total of four cross-shore GPR profiles 1.5 kmlong, spaced around 7 km apart, were surveyed from the present upper beach into the transgressive dunefield (Fig. 1b) . Maximum penetration (depth around 6 m) was achieved using the 200 MHz antenna. Low penetration was due to the attenuation of the electromagnetic waves by the presence of salt-water infiltrations in the beach. Inland of the foredune ridge, signal attenuation was related to the high dielectric constant of water molecules (Daniels 2005) .
The GPR was synchronized to a RTK-GPS system in order to obtain the topographical information for static correction during the processing of the radargrams. Raw data were processed using the program package Reflex-Win Version 5.0.5 by Sandmeier Software. Processing included timezero drift, application of filters and gains, velocity profile estimate, migration and static corrections. An average subsurface velocity of 0.16 m ns was estimated using the interactive hyperbolaadaptation method and is a typical velocity for dry sand. Interpretation of geophysical data was completed with lithological data from cores collected using a TESS-1 suction core (Méndez et al. 2003) . Nine suction cores (5 m in length) of beach and aeolian sand were collected along two cross-shore GPR lines (Fig. 3b, c) , and split for core description and sampling for macroscopical and textural analysis.
OSL dating
Results from GPR and sediment cores were integrated in order to select the best locations to date the stratigraphic units. The samples were collected with the suction core in order to reach the selected depths. The cores were retrieved in dark grey and opaque PVC tubes to avoid exposure of the sediments to sunlight; hence, suitable for luminescence dating. Once at the surface, a segment of 35 cm centred at the desirable depth was cut off and sealed. The samples were optically stimulated luminescence (OSL) dated at the University of Nebraska-Lincoln, Luminescence Geochronology Laboratory.
Sample preparation was carried out under amber-light conditions. Samples were wet sieved to extract the 250-355 mm fraction, and then treated with HCl to remove carbonates and H 2 O 2 to remove organics. Quartz and feldspar grains were extracted by flotation using a 2.7 g cm 23 sodium polytungstate solution, then treated for 75 min in 48% HF, followed by 30 min in 47% HCl. The sample was then resieved and the ,250 mm fraction discarded to remove residual feldspar grains. The etched quartz grains were mounted on the innermost 2 or 5 mm of 1 cm aluminium disks using Silkospray. Chemical analyses were carried out using inductively coupled plasmamass spectrometry (ICP-MS) and inductively coupled plasma-atomic emission spectrometry (ICP-AES) by Activation Laboratories Ltd, Ancaster, Ontario, Canada. Three samples (UNL3522, UNL3527 and UNL3530) were also analysed by high-resolution gamma spectrometry at the University of Nebraska-Lincoln. K 2 O, U and Th values from the two methods are within 2s, and the gamma spectra show no evidence of radioactive disequilibrium. Dose rates were calculated using the method of Aitken (1998) and Adamiec & Aitken (1998) . Dose-rate conversion factors are from Guerin et al. (2011) and attenuation coefficients from Brennan (2003) . The cosmic contribution to the dose rate was determined using the techniques of Prescott & Hutton (1994) .
Optically stimulated luminescence analyses were carried out on Risø Automated OSL Dating System Model TL/OSL-DA-15B/C and TL/ OSL-DA-20 readers, equipped with blue and infrared diodes, using the single aliquot regenerative dose (SAR) technique (Murray & Wintle 2000) . All equivalent dose (D e ) values were determined using the Central Age Model (Galbraith et al. 1999) , unless data analysis indicates partial bleaching, in which case the Minimum Age Model (Galbraith et al. 1999) was used. Preheat and cutheat temperatures were based on preheat plateau tests between 180 and 280 8C. Preheat and cutheats of 240 8C/10 s and 220 8C/0 s, and 200 8C/10 s and 180 8C/0 s were used for older and younger samples, respectively. Dose -recovery and thermal transfer tests were performed (Murray & Wintle 2003) . Growth curves were examined to determine whether the samples were below saturation (D/D o ,2: Wintle & Murray (2006)). Optical ages are based on a minimum of 50 aliquots (Rodnight 2008) . Individual aliquots were monitored for insufficient count rate, poor-quality fits (large error in D e ), poor recycling ratio, strong medium v. fast component (Durcan & Duller 2011) , and detectable feldspar. Aliquots deemed unacceptable based upon these criteria were discarded from the data set prior to averaging. Averaging was carried out using the Central Age Model (Galbraith et al. 1999) 
Results
Present-day coastal system
The coastal system consists of three major components: the present beach and the foredune ridge; a topographical depression referred here as the backbarrier region; and the transition towards the inland transgressive dunefield.
The present-day beach is characterized by a multibarred intermediate beach (Ferreira 1998) . The subaerial beach profile shows a steep foreshore of about 58. The high elevation of the berm (5 m above MSL: Fig. 4a ) is the result of high wave energy impacting this coast, which contributes locally to high mean water levels. The backshore region of the beach is wide, extending for 30 m. Surface sediments collected within the immersed beach document the presence of two well-defined populations of sediment. The major component consists of coarse-to medium-grained sand, whereas a secondary component can be found in the upper part of the foreshore and berm resulting from the concentration of pebbles at the high-tide water mark. The pebbles consist of rounded lithic fragments and unbroken shells of bivalves that lived in the offshore (Loripes lacteus). The transition between the backshore and the adjacent foredune can locally be abrupt, marked by an erosive scarp (ranging from 0.5 to 2 m) or gradational through embryo dunes.
The foredune ridge is around 200 m wide and consists of several secondary crests that gradually decrease in elevation inland. The highest crest reaches 14 m above MSL (Fig. 4a, b) . Sediments collected within the foredune are characterized by a well-to moderately-sorted population of mediumgrained sand.
The backbarrier region is represented by a sandy, approximately 100 m-wide depression paralleling the present shoreline (Figs 3a & 4b) . The average elevation of the backbarrier region coincides with that of present beach berm (5 m above MSL) and is frequently flooded as the water table rises during the wet season (winter). The backbarrier region contains evidence of past deflation, including the presence of parabolic dunes (Fig. 3d, e) and the concentration of coarse-grained sediments at the surface. The presence of large, entire shells and pebbles concentrated at the surface by deflation resembles the population of coarser sediments in the upper foreshore. Accordingly, the backbarrier region has been interpreted to have been part of a beach composed of sandy deposits OSL dated to about 1.5 ka , and reworked shells radiocarbon dated between 2770 + 60 and 2100 + 130 a BP .
Inland of the low backbarrier region, there is a 300 m-wide zone of poorly defined dunes advancing inland that constitute the westwards end of the ridges developed in the inland dunefield. This zone constitutes a transition towards the inland transgressive dunefield, which consists of 1 km-long oblique/transverse ridges oriented west -east, and extends about 6 km inland (Fig. 1b) . The ridge spacing is approximately 200 m and is up to 10 m high (Fig. 3a) .
Facies analysis
Facies analysis involved integration of data from GPR surveys and from sediment cores collected to ground truth the geophysical data. Classification of the internal reflection configurations is primarily related to their continuity, attitude and interval, using the terminology developed by Mitchum et al. (1977) . Six radar facies (RF1-RF6) have been identified based on the configuration of the internal reflections and boundaries (Table 1) . Interpretation of the radar facies was aided by the morphology and GPR signature of present-day coastal features, and by previous work carried out in similar environments (van Heteren et al. 1998; Bristow et al. 2000) . Radar facies are described with the associated lithological characteristics and interpretation. Lithological facies were based on the characteristics of the collected sediment.
A horizontal-paired, strong reflection running across the foredune at approximately 3 m above MSL was interpreted as the water table associated with a subsurface freshwater aquifer (Fig. 5a ). Saltwater intrusions are responsible for the shallowdepth reflection-free area at the seawards end of the foredune (Fig. 5a ).
RF1. Biotopographical accumulation. Packages of RF1 were identified in the subsurface of the foredune ridge and consist of hummocky mounded clinoforms represented by high-amplitude and lowangle, discontinuous, concave and convex reflections extending up to 10 m (Fig. 5) . Bristow et al. (2000) interpreted these deposits as accretionary mounds that formed around vegetation. Secondary crests in foredune rigde correspond to areas of concentrated RF1 in the radar record, suggesting that the sediment producing these facies was only deposited once the pioneer plants (Elymus arenarius) gave way to Marram (Ammophila arenaria) and heaths (Calluna vulgaris).
Sediment core LQ06A-01, collected in the foredune ridge (Fig. 3c) , documents moderately wellsorted medium-to coarse-grained quartzose sands with mean grain sizes of around 0.5 mm. Enriched horizons of heavy minerals, highly fragmented shells and the rest of roots have been observed within the sediment core. . RF2 facies were interpreted as representing aeolian dunes migrating inland due to onshore winds. Radar packages of RF2 are commonly truncated by subhorizontal bounding surfaces resulting from deflation. Sediments within this radar facies range from 0.40 to 0.55 mm of well-sorted sand and were sampled within the backbarrier region (cores LQ06A-02-LQ06A-05 and LQ09A-03: Fig. 3b , c). Enriched layers of heavy minerals and highly fragmented shells have been observed within the sediment cores, which are dominated by clean, non-organic sediments.
RF3. Beach backshore. Above the water table, continuous, up to 50 m-long reflections represent RF3 (Fig. 5) . These facies comprise high-amplitude, subhorizontal and parallel reflections onlapping onto erosive bounding surfaces dipping seawards. RF3 is interpreted as the backshore, which extends from the high tide to the embryo dune. The internal configuration of reflections within RF3 resembles the morphology of the present-day beach, which is approximately 30 m wide (Fig. 4a) . Sedimentation in this area is largely governed by wave swash and the subsequent reworking of the sediment by winds once the mean water level in the region drops and the sand dries (neap tides or lower wave heights). The combined effect of such sand transport and deflation explains the concentration of coarser sediments found in these facies, which range from 0.70 to 1.10 mm of very coarse quartzose sand. Sediment cores representing these facies were sampled in the backbarrier region north of Tocha Beach (cores LQ09A-01 -LQ09A-03: Fig. 3b ). Radar packages are frequently truncated by seawards dipping surfaces that suggest the eventual scarping of the upper beach and the retreat of the shoreline.
RF4. Frontal foredune slope. The deposit of the seawards face of the foredune is represented by highamplitude reflections dipping seawards with angles ranging from 58 to 158 (RF4: Fig. 5 ). Internally, radar packages are erosively truncated by steeper and stronger reflectors. Such reflections suggest partial erosion not only of the beach but also of the foredune promoting the development of a cliffed foredune.
RF5. Foreshore. RF5 generally has a poor GPR response except for a few local high-amplitude complex sigmoidal reflections dipping around 48 seawards (Figs 5 & 8) . Sediments within this radar facies consist of moderately sorted coarse-to medium-grained sand with a very low content of shell fragments, as seen in Core LQ09A-01 (Fig.  3b) . Thi facies is interpreted as representing the seawards progradation of the foreshore.
RF6. Swash bar. RF6 consists of low-amplitude oblique-tangential, landwards dipping reflectors (Fig. 8) . RF6 extends from 0 to 2 m above MSL intercalated within RF5 deposits. Sediment within RF6 was collected from the backbarrier region to the north of Tocha Beach (Core LQ09A-02, Fig.  3b ) and consists of medium-to coarse-grained sands. These sediments were interpreted as having been deposited by landwards migrating and welding of sand bars onto the beach foreshore.
Chronology
Details of the luminescence age determinations of the dunefield are given in Table 2 , and information of their location in depth and within the GPR profiles is presented in Table 3 and Figures 5-8 . OSL ages are presented in thousands of years (ka) before 2011 (year of sampling). Sample collection was based on the interpretation of geophysical data, barrier morphology and historical information so that the representative episodes of barrier evolution would be recorded. The OSL ages of the selected radar units range from 4.25 + 0.28 to 0.13 + 0.01 ka, indicating that sedimentation of this coastal fringe occurred during the late Holocene. The older set of deposits preserved in the study area extends in time between 4.25 and 3.32 ka, and represents the lower units of RF2 (Table 3 ; Figs 6-9), which were found in the backbarrier region and in the transition towards the major transgressive dunefield. After a depositional hiatus or erosive episode, a new set of aeolian deposits (RF2) was deposited around 1.14-1.04 ka covering the previous one (Table 3; Figs 6, 8 & 9) . Conversely, the next episode of sand accumulation preserved in the studied coastal fringe is represented by beach sediments (RF3, RF5 and RF6) prograding seawards since 0.36 ka (Table 3; Figs 5, 8 & 9) . Finally, the last pulse of aeolian mobilization (RF2 units) in the eastern sector of the study area, in particular in the region of transition between the backbarrier region and the inland transgressive dunefield, was dated at 0.13 ka. (Table 3 ; Figs 7 & 9).
Subsurface stratigraphy
The GPR profiles image the internal architecture of the present backshore and foredune ridge, backbarrier region, and the transition towards the inland transgressive dunefield. The distribution of radar facies within the cross-shore profiles is Facies distribution in the southern sector. The distribution of radar facies in the southern sector is best represented by the GPR profile GPR-LQ06 (Figs 1b & 5-7). Subsurface images of the coastal barrier (present beach and foredune ridge) document three radar facies. Penetration in the foredune ridge was around 6 m, reaching the water table.
Despite signal attenuation, high-amplitude reflections cutting through the water table are identified and interpreted as major bounding surfaces. The lower part of the record, below the water table, is interpreted as the sedimentation of RF5 units (Fig. 5) . RF5 units underlay units of RF3. The latter appear truncated by seawards dipping bounding surfaces, suggesting episodic erosion of the upper beach. RF3 are replaced seawards by packages of RF4 as the foredune ridge elevation increases, suggesting a change in the style or rate of barrier progradation seawards. The progressive scarping associated with RF4 at the base of the foredune can be related to a relative stabilization of the shoreline. Enhancement of foredune development was associated with the early stages of the negative beach budget, which promotes intermittent scarping of the dune face (Psuty 1992) . Conversely, the wide extension of RF3 packages within the landwards part of the dune ridge suggests a period of rapid progradation; successive scarps were separated by approximately 20 m (Fig. 5) . Units of RF1 cover backshore sediments as sediment is accumulated and trapped around vegetation mounds (Fig. 5) . The backbarrier region consists of a topographical depression infilled with RF2 units (Fig. 6) . These deposits represent the inland migration of aeolian sands. As aforementioned, the top of the reflectors within RF2 is frequently truncated by deflation surfaces, suggesting the occurrence of successive pulses of sand transference inland. In addition to the radar facies identified within the collected radargrams, a 15 cm-thick layer was identified on the surface of the backbarrier area as described previously in the subsection on 'Present day coastal system'. Finally, the landwards part of the radargram is characterized by complex internal configurations dominated by subhorizontal and sigmoidal reflections resulting from the vertical accumulation of RF2 radar packages (Fig. 7) .
Facies distribution in the northern sector. Facies distribution to the north of Tocha Beach is best represented by the GPR profile GPR-LQ10 (Figs 1b & 8) . The internal architecture of the seawards part of the barrier is characterized by the presence of RF4 clinoforms. Inland, subsurface images of the foredune ridge document three radar facies repeating the architecture observed in the southern sector. The portion above the water table consists of radar facies RF3, which is in turn overlaid by RF1. The uppermost layers of sediment in the backbarrier region are also characterized by the presence of a 15 cm-thick layer with abundant large and unbroken shells and pebbles. However, the subsurface stratigraphy of this zone is radically different from what was identified in the southern sector. In this case, RF2 units are only identifiable in the landward-most zone of this region, being truncated by a seawards dipping bounding surface overlaid by units of RF5, and suggesting the partial erosion of aeolian deposits and formation of a beach onto the dunes. The internal architecture of most of the backbarrier is dominated by units of RF5, RF6 and RF3 (Fig. 8) . Line GPR-LQ09 shows radar packages of RF6 alternating with RF3. The sedimentation in the upper beach of RF6 units suggests sporadic migration and welding of swash bars onto the beachface contributing to berm construction. Preservation of entire swash bars within the architecture of the beach suggests an elevated input of sediment and high progradation rates. This architecture suggests the seawards progradation of a beach anchored to transgressive aeolian deposits.
Longshore variability. The internal stratigraphy of the coastal barrier (present beach and foredune ridge) does not show significant differences alongshore (Fig. 9) . However, significant differences were found in the internal architecture of the backbarrier region alongshore (Fig. 9) . The backbarrier depression in the southern sector is dominated by aeolian deposits (south of Tocha Beach: Figs 6 & 9b), whereas beach deposits dominate the internal architecture in the northern sector (north of Tocha Beach: Figs 8 & 9a) . Mapping the landwardmost position of the beach sediments aided the delineation of the former shoreline. The latter suggests that the shoreline in the southern sector prograded by about 200 m seawards, creating the present coastal barrier (present beach and foredune ridge). By contrast, beach progradation in the northern sector extends 400 m seawards, including the present coastal barrier and the backbarrier region. This suggests that inland penetration during the last marine transgression increased northwards, in the direction of the Aveiro inlet, which reached the northern limit of the studied coastal segment (Mira Beach) in 1756 (Fig. 2) .
The recent history of the coastal barrier
The first evidence of local barrier formation in the study area are the organic-rich sediments interpreted as lagoonal deposits (Danielsen et al. 2012) . These sediments were found at the level of present MSL between Quiaios Beach and Tocha Beach, and extend 1 km inland from the present shoreline, suggesting the formation of a wide lagoon around 4.3 cal ka BP enclosed by a coastal barrier (Danielsen et al. 2012) . The authors document the infilling of the lagoon after 3.5 cal ka BP by aeolian sediments coincident with a shift in the type of vegetation cover from forest to semi-natural heathland between 4 and 1.6 cal ka BP. The latter attributed to human deforestation (Danielsen et al. 2012) . Forest decline was documented in other regions of the Iberian Peninsula after 4 cal ka BP, and was related to drier conditions and to the first evidences of human alterations to the landscapes (Carrión et al. 2007 (Carrión et al. , 2010 Fletcher et al. 2007 ). In addition, lagoonal sediments were found north of Esmoriz and dated at 4920 + 105 and 4090 + 220 a BP (Granja 1999) . Even though, lagoonal deposits were not found in the subsurface during the present study due to limitations in penetration, we have obtained valuable information on the architecture and age of the aeolian deposits filling the lagoon, and on the development of the present coastal barrier. Our results suggest that aeolian sediments responsible for lagoon infilling were sourced from a proto-barrier and occurred during two episodes, with the first centred between 4.25 and 3.32 ka. Episodes of transgressive dune building in coastal systems are frequently triggered by a relative instability in the coastal sediment budget (Psuty 1992) . Enhancement of foredune development was associated with the early stages of the negative beach budget, which promotes intermittent scarping of the dune face, and the eventual initiation of blowouts and parabolic dunes (Psuty 1992) . Consequently, dune scarping could expose large volumes of sand that become available to be blown by favourable westerly winds. Once transgressive dunes are dissected from the coastal barrier, they migrate inland. The latter could be facilitated by shifts in vegetation cover as noted by Danielsen et al. (2012) .
The second episode of dune building and inland sediment transport was centred between 1.14 and 1.04 ka, and recorded in the upper units of the aeolian deposits in the backbarrier zone. This episode of aeolian activity may have been be triggered by a new event of shoreline instability provoked by an alteration in the beach budget. This episode is coincident with the development of inland parabolic dunes dated between 1.14 and 0.62 ka to the north of the Aveiro inlet (Granja 2002) . The time interval between both aeolian episodes represents a hiatus coincident with the deposit of lagoonal sediments along Furadouro-Torreira around 2 cal ka BP (Bernardes & Rocha 2007) and at Silvalde at about 2.7 cal ka BP . In addition, a podzol was formed on the Pleistocene dunes located along Espinho-Ovar between 2.7 and 2 cal ka BP, suggesting reduced aeolian activity (Granja et al. 2008) .
Whenever a negative beach sediment budget persists, dramatic changes may affect the coastal barrier triggering barrier overstepping and retrogradation. These conditions could explain the destruction of the proto-barrier along the coastal segment between Mira Beach and Mondego Cape. Once conditions became favourable, a new barrier formed anchored onto the transgressive dunes around 360 years ago. Historical records document the downdrift elongation of a coastal spit starting around 1 ka ago from Espinho (Girão 1941; Abecasis 1954) . As the spit elongated southwards and built in front of the estuary, an inlet formed and migrated, reaching its southernmost position in 1756 at Mira Beach (Abecasis 1954) . In this position, it became hydraulically inefficient, and navigation through the channel was impeded owing to the accumulation of sand bars. However, this configuration allowed sediments to bypass the inlet to the south of Mira Beach, inducing barrier progradation and restabilizing the sediment budget. In fact, shoaling processes in the inlet were already documented in 1687, indicating efficient sediment bypassing downdrift.
The shoreline stabilized some time after 300 years ago when the barrier progradation trend shifted to vertical aggradation, leading to the construction of the present foredune ridge. Prior to this shift, we hypothesize the occurrence of at least one high-energy event responsible for inundating the recently formed coastal barrier and backbarrier region. We believe this event was responsible for depositing the 15 cm washover layer overlying aeolian and beach deposits. Such an inundation could be related to a very large storm or series of storms inducing high water levels. Indeed, Corrochano et al. (2000) identified two major episodes of washover sedimentation before and after 1756 in the tidal channel north of Mira Beach. The authors related pre-1756 washover deposits to the inundation generated by the 1755 Lisbon tsunami, whereas the deposits generated between 1756 and 1802 were related to a period of enhanced storminess. The later was also suggested by Clarke & Rendell (2006) to explain aeolian activity in the inland dunefield.
The youngest sediments dated in the present work point to an episode of aeolian activity in the region of transition to the transgressive dunefield 130 years ago (AD 1880). Aeolian activity was also documented within the inland transgressive dunefield between 1770 and 1905 (Clarke & Rendell 2006) , and related to the unstable climate conditions (storminess) affecting the area during the second half of the Little Ice Age. In this case, westerly to northwesterly onshore winds were suggested as the agent for sand mobilization and reactivation of elongated hairpin and complex parabolic forms. Reforestation along the inland transgressive dunefield was artificially completed to stop the inland advance of the dunes in 1926 (Freitas 1940) .
Discussion
The results presented here, together with previous work, suggest the formation of three major features that repeat over time and can be indicative of shoreline trends along the coastal barrier enclosing the Aveiro lagoon: transgressive dunes resulting from major episodes of aeolian activity; lagoonal deposits indicative of ephemeral lagoons enclosed by coastal barriers; and the present coastal barrier.
Dune encroachment and shoreline instability
Transgressive dunes in the study area were found infilling a lagoon between 4.25 and 3.32, and 1.4 and 1.04 ka ago, and were related to blowout and parabolic dune development resulting from the dissection of former barriers. It is here suggested that these episodes can be triggered by instabilities in the beach budget. The latter may induce dune scarping, exposing large volumes of sand that become available to be blown inland by favourable westerly winds. If so, these events are initiated by coastal processes rather than by changes in vegetation, as previously suggested by Danielsen et al. (2012) . In addition, the older ages obtained from the aeolian deposits reported here indicate that the decline in forests documented by Danielsen et al. (2012) was preceded by the first episode of aeolian activity. By contrast, the last episode of aeolian activity dated around 130 years ago was related to a local sediment source derived from the remobilization of the inland dunefield, which could in turn be explained by changes in vegetation cover naturally or artificially induced.
Changes in the beach sediment budget can be related to alterations in the longshore sediment transport induced by changes in sediment input, wave climate and/or sea level. Resolving changes in sediment supply over time may be problematic if sediment sources are not well understood. The Douro River has traditionally been referred to as the major source of sediment to this coastal segment (Oliveira 1997; Taveira-Pinto et al. 2011) . However, this has never been actually confirmed in terms of texture and composition (Granja 2000) . Nonetheless, the existence of Pleistocene and early Holocene transgressive dunefields involved large volumes of sand, and suggests that even larger volumes could have dominated this coastal segment when sea level was lower. Finally, it is also important to highlight the importance of local sediment sources to explain the presence of quartzite pebbles in the beach. All of these facts question the relative importance of the recent fluvial sediment input and actual consequences of human interventions.
Thus, we consider two sediment sources to the coastal barrier of Aveiro: the first being local (Pleistocene dunes and outcrops); and the second, the fluvial input from the Douro River. The first may have had a significant role during the Holocene transgression, supplying sand to inland transgressive dunes and to former coastal barriers in a similar way to that described by Costas et al. (2012) in the Tagus region, central west coast of Portugal. In addition, Costas et al. (2012) suggested successive episodes of shoreline instability generated by enhanced storminess/relative sea-level changes to explain episodes of aeolian activity resembling those documented here around 4.2 and 1.4 ka ago. Moreover, Costas et al. (2012) related aeolian activity to intense westerly winds, compatible with prolonged negative phases of the NAO. As aeolian activity in the region was driven by onshore winds (westerly to northwesterly winds) consistent with the windfield regimes documented by Costas et al. (2012) , a similar mechanism may have driven aeolian activity in the Aveiro region. This could explain the synchronism between episodes of aeolian activity in the Tagus and Aveiro regions (about 170 km apart: Fig. 1a ) around 1.2 ka ago, and suggest another episode of intense westerly winds and enhanced storminess around 4.2 ka ago.
These events of aeolian activity coincide with significant changes in coastal lagoons along the Iberian Atlantic coast. Lagoons become increasingly brackish as a consequence of more permeable and frequently breached coastal barriers (Cearreta et al. 2003; Freitas et al. 2003; Costas et al. 2009 ). At the same time, storm deposits were documented in the lagoons and estuaries of the north and south of France (Sabatier et al. 2012; Sorrel et al. 2012 ). In addition, lake levels and flooding frequency increased in the Iberian Peninsula (Carrión 2002; Thorndycraft & Benito 2006) , supporting the onset of enhanced storminess. Alternatively, episodes of aeolian activity could be related to the onset of submillennial-scale climatic coolings such as the so-called '4.2 ka event', a climatic anomaly that may have been global in extent (Marchant & Hooghiemstra 2004) , the cooling event Bond 1 (Bond et al. 2001 ) and the end of the Little Ice Age (Bradley & Jonest 1993) .
More frequent storms, persistent westerly winds and wetter conditions in the western Mediterranean were related to prolonged negative phases of the North Atlantic Oscillation (Trigo & DaCamara 2000) . The onset of stormy conditions could also induce a counterclockwise shift in wave climate, reducing longshore sediment transport. Since barrier construction in the study area is a consequence of spit elongation, a reduction of the longshore sediment transport, in addition to frequent storms, could alter beach sediment budget, and induce foredune destruction and transgressive dune building with subsequent landwards sediment transport by onshore (Davidson-Arnott et al. 2005) or oblique winds (Bauer & Davidson-Arnott 2003) . Therefore, we interpret episodes of aeolian activity as indicators of shoreline instability and barrier retrogradation induced by changes in longshore sediment transport.
It has been suggested that changes in sea level may also contribute to sediment budget instability in the coastal system. However, considering that the sea-level rise rate stabilized and significantly reduced around 7 ka ago (Vis et al. 2008; Leorri et al. 2013 ), we do not consider this factor as a trigger mechanism during these short-term events, although it must contribute to the overall retrograding trend of the system. Finally, it is assumed that neotectonics had a minimal impact on the evolution of the coast (Vis et al. 2008; Leorri et al. 2013 ).
Episodes of shoreline progradation and stability
Barrier formation over time was inferred from the occurrence of lagoonal sediments (Rocha & Bernardes 1997; Granja 1999; Bernardes & Rocha 2007; Danielsen et al. 2012) , historical records (Girão 1941; Abecasis 1954) and from barrier sediments (present work). Our results and compiled information indicate that lagoon formation and aeolian activity occurred during different time episodes, suggesting contrasting beach sediment budgets.
Episodes of barrier growth or spit elongation suggest periods of abundant sediment availability, including the reworking of underlying Pleistocene deposits or efficient longshore sediment transport. Periods of barrier growth inferred from lagoonal sediments were documented at 4920 + 105 a BP in the vicinity of Espinho (Granja 1999) , 4.3 cal ka BP between Mondego Cape and Tocha Beach (Danielsen et al. 2012) , around 2 cal ka BP along Furadouro-Torreira (Bernardes & Rocha 2007) and 2.7 cal ka BP at Silvalde (Fig. 1) . In addition, a podzol was deposited on the Pleistocene dunes located along Espinho -Ovar between 2.7 and 2 cal ka BP, suggesting reduced aeolian activity (Fig. 1) (Granja et al. 2008) . These results suggest the onset of several lagoonal environments over time, although it is not clear whether there was a single barrier extending alongshore the entire bay or several barriers enclosed the documented lagoons.
The first evidence of barrier formation is coincident with the onset of many coastal barriers and deltas all over the world due to the mid-Holocene sea-level stabilization (Stanley & Warne 1994; Bao et al. 2007; Bird et al. 2007) . Sediment sources for barrier growth during this epoch were probably littoral deposits formed by the reworking of underlying Pleistocene sediments during marine transgression. Evidence for the onset of a lagoon during this epoch was found in the littoral segment between Quiaios Beach and Tocha Beach by Danielsen et al. (2012) , and in the vicinity of Espinho by Granja (Granja 1999) . The latter was only found in one core, suggesting lower preservation of this layer north of Aveiro.
The second episode of lagoonal sedimentation could be related to the coastal barrier previously formed or to the formation of a new barrier following barrier retrogradation. In this case, barrier growth could have been stimulated by efficient longshore sediment transport, and increased sediment input from the rivers or reworked Pleistocene and Holocene local sands. It has been suggested that fluvial sediment input could be favoured as deforestation and agriculture in the watersheds advanced (Hoffmann 1990; Dinis et al. 2006) . However, it is not clear that the incidence of such activities affected sediment transference to coastal systems. The analysis of the late Holocene fluvial record in the floodplain of the Tagus River indicates minor changes in sediment grain size and sedimentation rate during the Roman Period (Vis et al. 2010b ). In addition, it has been observed that changes in land occupation are coincident with an increase of silty sediments delivered to the estuaries due to the erosion of soils (Vis et al. 2010b) . However, this episode of shoreline stability is coincident with the onset of the Roman Warm Period (Bianchi & McCave 1999; McDermott et al. 2001; Büntgen et al. 2011) , which is characterized in the Iberian Peninsula by an increase in temperatures (Martínez-Cortizas et al. 1999; Desprat et al. 2003) and enhanced marine upwelling driven by intense northerly winds from spring to autumn (Lebreiro et al. 2006) . Intense northerly winds in the area prompt longshore sediment transport, contributing to the maintenance of the beach sediment budget.
Historical maps document southwards elongation of a spit 1 ka ago (Girão 1941; Abecasis 1954) . This trend, together with the growth of several coastal barriers (Dias et al. 2000) and the progradational infill of rivers and lagoons (Hoffmann 1990; Dinis et al. 2006) , was associated with an increase of continental sediment supply due to human impact on upstream watersheds. However, as discussed here, this spit represents the last episode of barrier growth in the area and could hardly be related to an increase in sediment supply by rivers as they are contributing to the progradation of stream mouths (Dinis et al. 2006) by mostly introducing silt (Vis et al. 2008) . The late episode of barrier growth could derive from a positive sediment budget in the coastal system promoted by increased longshore sediment transport. This condition may be related to the Medieval Climate Anomaly, which has been suggested as a period of persistent positive mode of NAO circulation (Trouet et al. 2009 ) associated with more frequent northerly winds in the Iberian Peninsula (Trigo et al. 2008) .
Finally, the elongation of the spit downdrift reached Mira Beach only 360 years ago, allowing the seawards progradation of the barrier from Mira Beach to Quiaios Beach, as reported in the present work. The last episode of spit elongation is coincident with a period of enhanced storminess at the onset of the Little Ice Age (Costas et al. 2012) , which apparently contributed to the shoaling of the Aveiro inlet (Abecasis 1954) . The large volume of sediment moved onshore contributed to the progradation of the coastal segment due to the large volumes of sediment available in the shoaling inlet.
Conclusions
The analysis of the stratigraphy of the present-day coastal barrier and backbarrier region provides a means of reconstructing the evolution of the coastal segment between Mira Beach and Quiaios Beach in the northern coast of Portugal. In this regard, the combination of geophysical (GPR), dating (OSL) and sedimentological analysis of the present-day coastal section allowed the identification of the maximum marine transgression, the progradation of the present coastal barrier and the sedimentation of transgressive dunes during two separated events. The presence of foreshore deposits prograding seawards documents the onset of the present-day barrier between Mira Beach and Quiaios Beach only 400 years ago. Alternatively, two major pulses of aeolian activity interpreted as the dismantling of coastal barriers through the inland transport of aeolian sand 4.25-3.32 and 1.14 -1.04 ka ago suggests the existence of older coastal barriers. These events were related to negative beach sediment budgets induced by changes in the longshore sediment transport that could ultimately derive from enhanced storminess and wave rotation. However, compiled information from previous work undertaken in the region document the presence of lagoonal deposits either buried by aeolian deposits or outcropping in the present foreshore. These deposits suggest the existence of large lagoons enclosed by ephemeral coastal barriers before and after every episode of dune building, confirming the existence of older barriers that were later dismantled. The above suggests that the central coast of Portugal has undergone several episodes of barrier retrogradation during the midlate Holocene, alternating with periods of shoreline stability and barrier growth as a consequence of changes in longshore sediment transport. The latter has been related to shifts on the major mode of atmospheric circulation in the North Atlantic, the North Atlantic Oscillation (NAO). Persistent negative values of NAO are associated with enhanced storminess and westerly winds that in turn may contribute to negative beach sediment budget under normal circumstances. The opposite was suggested during periods of persistent positive values of NAO, which appear to contribute to the longshore sediment transport and, thus, to barrier growth.
